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In the device-independent quantum information approach, the implementation of a given task
can be self-tested solely from the recorded statistics and without detailed models for the employed
devices. Even though experimentally demanding, it provides appealing verification schemes for ad-
vanced quantum technologies that naturally fulfil the associated requirements. In this work, we ex-
perimentally study whether self-testing protocols can be adopted to certify the proper functioning of
new quantum devices built with modern space-division multiplexing optical fiber technology. Specif-
ically, we consider the prepare-and-measure protocol of M. Farkas and J. Kaniewski (Phys. Rev. A
99, 032316) for self-testing measurements corresponding to mutually unbiased bases (MUBs) in a
dimension d > 2. In our scheme, the state preparation and measurement stages are implemented
with a multi-arm interferometer built with new multi-core optical fibers and related components.
Due to the high-overlap of the interferometer’s optical modes achieved with this technology, we are
able to reach the required visibilities for self-testing the implementation of two four-dimensional
MUBs. We also quantify two operational quantities of the measurements: (i) the incompatibility
robustness, connected to Bell violations, and (ii) the randomness extractable from the outcomes.
Since MUBs lie at the core of several quantum information protocols, our results are of practical
interest for future quantum works relying on space-division multiplexing optical fibers.
I. INTRODUCTION
The advent of quantum information technologies
comes with promises such as exponential computational
speed-up compared to currently existing classical algo-
rithms [1, 2], or unconditionally secure quantum commu-
nication [3, 4]. However, the success of these protocols
relies on certification methods to verify that the used
devices perform the tasks they are promised to. Fur-
thermore, these verification methods should be possible
to perform efficiently, and using only classical resources.
Consequently, they are currently the subject of inten-
sive study in the quantum information community [5–
12], where they are commonly referred to as self-testing
protocols. The strongest method is known as the “device-
independent approach”, which involves two parties shar-
ing an entangled quantum state, and the only considered
assumption for self-testing the proper implementation of
a given task is that these parties are space-like separated.
The certification is based solely on the recorded measure-
ment statistics of the two parties [13]. This method, how-
ever, comes with a few drawbacks. Firstly, it is rather
challenging to implement experimentally, as it requires
the production of entangled states with very high fideli-
ties. Secondly, in dimensions larger than two, the theo-
retical treatment becomes complex as well. Accordingly,
there are only a few theoretical results available for high-
dimensional quantum states (qudits) [14, 15], and it has
never been experimentally demonstrated.
Nonetheless, the use of qudit systems is advantageous
for several quantum information tasks. For example,
they allow for larger violations of Bell inequalities [16],
improvement on quantum computation and communica-
tion complexity tasks [17, 18], and higher randomness
generation rates [19]. Thus, there is a current need of
more practical self-testing protocols in higher dimensions.
In order to alleviate the difficulties mentioned above,
several relaxations of the demanding device-independent
scheme have been introduced. One generic direction is to
move to the experimentally less demanding prepare-and-
measure scenario, in which instead of sharing an entan-
gled state, one party prepares a state and sends it to the
other party who then measures it. In this scenario, fur-
ther reasonable assumptions are necessary to devise cer-
tification methods. These include bounds on the average
energy of the quantum states [20], or the indistinguisha-
bility of the different states prepared [21]. Perhaps the
most traditional such relaxation is to fix the dimension
of the quantum states [6, 22–24].
Recently in Ref. [25], a method has been proposed for
self-testing high-dimensional measurements correspond-
ing to mutually unbiased bases (MUBs) in the prepare-
and-measure scenario, under the dimension assumption.
MUBs constitute a particularly useful family of quantum
measurements, with myriad applications in quantum in-
formation. Among other tasks, they optimise state deter-
mination [26, 27], generate maximal amount of random-
ness [28], and give rise to secure cryptographic protocols
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2[3] (for a survey, see [29]). The authors of Ref. [25] an-
ticipate that their certification method can be performed
with currently available technologies in dimensions larger
than two. This is precisely the aim of the current work,
in which we experimentally study whether self-testing
certification methods can be adopted in the new plat-
form of space-division multiplexing (SDM) optical fiber
technology to quantum information processing [30]. In
our scheme, we use single-photon path-encoded four-
dimensional quantum systems (ququarts), and the state
preparation and measurement stages are implemented re-
sorting to an advanced four-arm interferometer built of
multi-core optical fibers and new related technology [19].
As first observed in Ref. [19], this scheme should in prin-
ciple attain the optical quality required for implementing
self-testing protocols. Indeed, here in our test of Ref. [25],
we are able to record the corresponding data with an av-
erage visibility of 99.89%, which allows us to self-test
the proper implementation of a pair of four-dimensional
MUBs. Moreover, we also certify the incompatibility of
our implemented measurements, and the randomness ex-
tractable from their outcomes. Note that while this same
type of protocol has already been implemented exper-
imentally in higher dimensions [31–33], the error rates
have never been suppressed to a level that would allow
the self-testing of the measurements performed. Thus,
our results clearly show the potential advantages of mod-
ern SDM technologies for high-dimensional quantum in-
formation processing.
II. THEORY
Formally, a pair of MUBs in dimension d corresponds
to two rank-1 measurements projecting onto the or-
thonormal bases {|ai〉}di=1 and {|bj〉}dj=1 on Cd. We say
that these bases are mutually unbiased if
|〈ai |bj〉|2 = 1
d
∀i, j ∈ {1, . . . , d}, (1)
that is, every pair of vectors from different bases has the
same overlap. One simple example is the eigenbases of
the Pauli X- and Z-operators on a qubit.
The prepare-and-measure self-testing method used in
Ref. [25] to certify d-dimensional MUB measurements is
based on the so-called 2d → 1 quantum random access
code (QRAC) protocol. In a QRAC, the preparation
side (Alice) receives two uniformly random classical dits,
i, j ∈ {1, . . . , d}. Based on this input, Alice prepares
the d-dimensional quantum state, ρij , and sends it to
Bob on the measurement side. Bob receives a uniformly
random classical bit, y ∈ {1, 2}, based on which he de-
cides which observable to measure on the state ρij . If
y = 1, his measurement is a d-outcome positive operator-
valued measure (POVM), whose measurement operators
are denoted by Ai. Similarly, for y = 2, he measures
Bj . Recall that for POVMs we have that Ai, Bj ≥ 0 and∑d
i=1Ai =
∑d
j=1Bj = I. That is, a d-outcome POVM is
a set of d positive semidefinite operators that add up to
the identity operator. Let us denote the outcome of Bob’s
measurement by b ∈ {1, . . . , d}. The parties’ common
aim is that when y = 1, Bob’s output equals Alice’s first
input, that is, b = i, and when y = 2 they have b = j. To
quantify their success rate, we employ the average success
probability (ASP) p¯ = 12
[
P (b = i|y = 1)+P (b = j|y = 2)]
as the figure of merit. According to the Born rule, the
probability of Bob outputting b when Alice’s input is i, j
and Bob’s input is y = 1 is tr(ρijAb), and similarly it is
tr(ρijBb) when y = 2. That is, the ASP for a generic
encoding scheme ρij and measurement choice Ai and Bj
can be written as
p¯ =
1
2d2
d∑
i,j=1
tr
[
ρij(Ai +Bj)
]
. (2)
In Ref. [25] the authors provide certificates for MUBs
based only on the recorded ASP in a QRAC. They show
that in dimension d, p¯ ≤ 12
(
1 + 1√
d
)
=: p¯Q, and this
maximum can only be attained if Bob’s measurements
correspond to a pair of MUBs. Moreover, even for sub-
optimal p¯ one can certify the closeness of the employed
measurements to a pair of MUBs. Specifically, one can
bound the entropy of the generalized overlaps of the two
measurements and the sum of the individual operator
norms. These two measures together – having sufficiently
high values – imply that the measurement operators have
close to uniform overlaps and are close to being rank-1
projectors, that is, they are close to MUBs.
Specifically, the first quantity employed is the overlap
entropy, HS(A,B) = H 1
2
(
{tr(AiBj)/d}ij
)
, where H 1
2
is
the 12 -Re´nyi entropy (note that for projective measure-
ments tr(AiBj) = |〈ai |bj〉|2). It has been shown that
given an observed ASP p¯, it holds for the measurements
A and B that [25]
HS(A,B) ≥ 2 log
[
d
√
d(2p¯− 1)
]
. (3)
The maximal possible value of the overlap entropy, log d2,
is reached by MUBs, and can be certified upon observing
p¯ = p¯Q.
The second quantity is the sum of the norms,
N(A) =
∑d
i=1 ||Ai||. It has also been shown in Ref. [25]
that
N(A) ≥ d− 2 +
√
2
d
(
1−
√
d3(2p¯− 1)2 − (d2 − 1)
)
,
(4)
and the same holds for B. The maximal possible value
of the sum of the norms, d, is reached if and only if
the measurements are rank-1 projective, and this can be
certified upon observing p¯ = p¯Q.
Putting the above two bounds together, observing
p¯ = p¯Q implies that tr(AiBj) =
1
d for all i, j and that
the measurements are rank-1 projective. In other words,
p¯ = p¯Q certifies that the measurements of Bob corre-
spond to a pair of MUBs. By the continuity of the bounds
3in p¯, it follows that if the observed ASP is suboptimal,
p¯ < p¯Q, but close to optimal, then the overlap entropy
and the sum of the norms are both close to their unique
MUB values. This serves as a certificate that the em-
ployed measurements are close to MUBs.
Last, the authors of Ref. [25] derive certificates for two
useful properties of the measurements: incompatibility
robustness, and the amount of randomness generated.
The former, briefly speaking, is the maximal visibility of
the measurements at which they are jointly measurable
(compatible) [34]. Clearly, for compatible measurements
pairs, this maximal visibility is 1, and the lower the value,
the more incompatible the pair is. Jointly measurable
observables are of no use in nonlocal and steering sce-
narios [35], and therefore it is important to quantify the
extent to which a pair of measurements is incompatible.
In Ref. [25], the authors show that the incompatibility
robustness of A and B is bounded by
η∗ ≤
1
2d
2(1 + smax)− N(A)
2
d
N(A)2 − d− [d−N(A)][d−N(A) + 1] , (5)
where smax = maxij
∣∣∣∣√Ai√Bj∣∣∣∣. Using the bounds in
Eqs. (3) and (4), one can then bound the incompatibility
robustness by the observed ASP. The value correspond-
ing to a pair of MUBs, η∗ = 12
(
1 + 1√
d+1
)
can be certi-
fied upon observing p¯ = p¯Q.
The second quantity to certify is the amount of un-
certainty produced in the outcome of the measurements,
formulated as an entropic uncertainty relation [36]. This
amounts to a lower bound on the entropy of the mea-
surement outcome probabilities in a state-independent
fashion. Let us denote the Shannon entropy of the out-
come probabilities of the measurement A on the state ρ
by H(A)ρ. Then, it was shown in Ref. [25] that given a
QRAC ASP p¯, it holds that
H(A)ρ +H(B)ρ ≥
−2 log
(
2p¯− 1 + 1
d
√
d(d2 − 1)[1− d(2p¯− 1)2]
)
,
(6)
for any state ρ. Note that the maximal value for rank-1
projective measurements, log d, can again be certified
upon observing p¯ = p¯Q.
III. SPACE-DIVISION MULTIPLEXING
TECHNOLOGY
Space-division multiplexing is a classical telecommu-
nication technique that uses multiple transverse optical
modes for increasing data communication capacity. The
SDM technique is implemented for optical communica-
tion links in both free space and fiber optics [37, 38]. It
is considered a crucial solution to overcome the so-called
“capacity crunch” of fiber-optic communications [38]. In
this case, SDM technology is typically based on few-mode
fibers (FMFs) [39, 40], ring core fibers (RCFs) [41], and
multi-core fibers (MCFs) [42, 43]. They are schematically
represented on Fig. 1.
a) b) c)
d) e)
SMFMCF
Fig. 1. Fibers and components typically used in the new
SDM approach for fiber-optics communication. Schematic
representation of the cross-section of a) Few-mode fiber, b)
Ring-core fiber, and c) Multi-core fiber (with 4 cores). Each
of them is composed of a core (white), cladding (light-blue),
coating (grey), strength member (green), and outer jacket
(yellow). FMF supports the propagation of a few linearly po-
larized modes. RCF has an annular core that supports, for
instance, the propagation of some Laguerre-Gaussian optical
modes. MCF is a single fiber with several single-mode cores
within its cladding. d) Schematics of demultiplexer devices
used for efficiently coupling light into multi-core fibers (inser-
tion loss < 0.7 dB). e) An example of a 4-core fiber integrated
multi-port beamsplitter.
FMFs are a particular class of multi-mode fibers
(MMFs), which support only a few linearly polarized
transverse optical modes [39, 40]. Each mode that is
supported in a FMF have very low cross talk to the oth-
ers and, therefore, can be used as an independent data
channel. In contrast, in a MMF all modes are combined
together due to decoherence induced mode coupling ef-
fects, such that only one data channel can be accessed
[44]. RCFs are optical fibers with an annular refractive
index profile that supports multiple Laguerre-Gaussian
beams carrying orbital angular momentum (OAM) [45].
Last, there are MCFs, that are considered to be the most
promising solution for SDM, since their fabrication is cost
effective [43]. An MCF is a single fiber containing multi-
ple cores within the same cladding, which are sufficiently
separated from each other to avoid light coupling between
them. Typically, cross-talk between the cores is negligi-
ble with more than 60dB of attenuation [43].
Together with the development of these fibers, there
have been several new related components built for im-
proving the efficiency of SDM techniques. For instance,
there are multiplexer/demultiplexer (DEMUX) devices
used to combine and separate the different transverse
optical modes supported by the SDM fiber. Typically,
these devices have N independent single-mode fibers con-
nected to the SDM fiber, mapping N transverse Gaussian
4modes onto the N particular optical modes supported
by the SDM fiber. For FMFs, DEMUXs called photonic
lanterns are used [46]. For RCFs these devices are called
mode sorters. They are usually built with bulk optics
[47], but an important recent development is an all-fiber
mode sorter [48]. Finally, the DEMUXs used for MCFs
are devices composed of single-mode fibers (SMFs), each
one connected to one core of the MCF. These devices
are already commercially available and are built using a
fiber-bundle polishing and tapering technique presented
in [49, 50]. In Fig. 1(d) we show, as an example, the
schematics of a MCF DEMUX.
Our experimental setup is based on MCFs and in this
case another important device is the multi-core fiber in-
tegrated multi-port beam-splitter (MBS), recently pre-
sented in Ref. [19] (See Fig. 1(e)). This device is crucial
for quantum information processing because it allows one
to implement distinct unitary operations representing the
change of basis from the logical basis to a basis mutually
unbiased to it. Thus, it allows for the generation and
measurement of a general class of quantum states, as
we explain in the next section. The MBS is fabricated
directly within a multi-core fiber using a novel tapering
technique for MCFs [51]. By tapering the fiber, the cores
are brought together, and due to evanescent effects, there
is light coupling from one core to the others. Due to the
symmetry of the MCF structure, the splitting ratio can
be made balanced for all core-to-core combinations.
IV. EXPERIMENT
Recently, the new technology developed for SDM has
become a new platform for high-dimensional quantum in-
formation processing [30]. Initial efforts, based on path-
encoded qudits and multi-core fibers [52–56], have now
been expanded to different types of fibers and encoding
schemes [57–60]. Nonetheless, up to our knowledge, this
new platform has not yet been demonstrated to be com-
patible with modern self-testing protocols of quantum
states and circuits. Here, we fill this gap by extensively
studying the protocol of Ref. [25]. Specifically, we mea-
sure the QRAC ASP, and bound all the quantities of
Eqs. (3)–(6) with a four-arm Mach–Zehnder (MZ) inter-
ferometer built of MCFs and related technology.
The state preparations in the QRAC protocol are re-
alized by photonic states. The initial photon source is
a continuous-wave telecom laser, operating at 1546 nm
(see Fig. 2). It is connected to an external fiber-pigtailed
amplitude modulator (FMZ), which is controlled by a
field-programmable gate array electronic unit (FPGA)
to generate 5 ns wide pulses. Then, we use optical at-
tenuators (ATT) to create weak coherent states. The
attenuators are calibrated to set the average number of
photons per pulse to µ = 0.2. In this case, the proba-
bility of having pulses containing at least one photon is
P (µ = 0.2|n ≥ 1) ≈ 18%. Most of the non-null pulses
contain only one photon, and represent 90.3% of the ex-
Fig. 2. The experimental setup is based on a four-arm Mach-
Zehnder interferometer built of four-core multi-core fibers
(MCF) and related technology. The interferometer is used
for preparing and measuring path-encoded ququart states. At
the state preparation stage, the initial state is prepared by a
set composed of a 4 × 4 MCF based multi-port beam split-
ter (MBS0), Phase (PM), and amplitude (IM) fiber-pigtailed
modulators. The measurement is achieved using another set
of PMs and a second MBS1 connected to four InGaAs single-
photon detection (SPD) modules. The field-programmable
gate array (FPGA) electronic unit automatically controls the
protocol implementation. See the main text for details.
perimental runs. Therefore, our source can be seen as
a good approximation of a non-deterministic source of
single photons [61].
The source’s signal is sent to a commercial fiber built-
in DEMUX unit (DEMUX0), which consists of four in-
dependent single-mode fibers, each of them connected to
one core of a four-core MCF. The source is connected
through one of the four SMFs of DEMUX0, therefore
only one core of the MCF is illuminated. DEMUX0 is
then connected to a MCF-based 4 × 4 MBS (denoted
MBS0), whose matrix representation is given by [19]
MBS =
1
2
1 1 1 11 1 −1 −11 −1 1 −1
1 −1 −1 1
 (7)
in the logical basis. In our scheme, the logical states are
defined in terms of the core modes available for the pho-
5ton propagation over the multi-core fiber [19, 53]. There-
fore, the 4× 4 MBS corresponds to a Hadamard gate in
dimension four.
MBS0 is then coupled to a second DEMUX (denoted
DEMUX1) via their respective MCFs. In order to control
the initial quantum state entering the interferometer, we
connect phase (PM) and amplitude (IM) fiber-pigtailed
modulators to each SMF of DEMUX1, which are con-
trolled by the FPGA. The general path-encoded ququart
state that we can prepare in the first part of the MZ is
then given by
|χ〉 = 1√
N
4∑
k=1
τke
iφAk |k〉, (8)
where |k〉 represents the state of the photon transmitted
in the k-th core (i.e. the k-th logical state). τk and φ
A
k
are the transmissivity and relative phase, respectively, of
core k, and N is the normalization constant.
Having prepared the state, the measurements are per-
formed in a similar fashion, using a second set of PMs,
DEMUX2 and MBS1 [19]. The resulting unitary opera-
tion implemented is
UM =
1
2

eiφ
B
1 eiφ
B
1 eiφ
B
1 eiφ
B
1
eiφ
B
2 eiφ
B
2 −eiφB2 −eiφB2
eiφ
B
3 −eiφB3 eiφB3 −eiφB3
eiφ
B
4 −eiφB4 −eiφB4 eiφB4
 , (9)
where φBk is the phase applied in the core mode k at the
measurement side. After applying the phases, we con-
clude the projective measurement using a final DEMUX
(denoted DEMUX3), to send the outcomes of MBS1
to four single-photon detectors (SPD). The detectors
are triggered commercial InGaAs single-photon detection
modules, configured with 5 ns detection gate and 10% of
detection efficiency. The detection counts are recorded
by the FPGA unit. The measurement corresponding to
the above procedure is the rank-1 projective measure-
ment given by the states
|α1〉 = 1
2
(eiφ
B
1 |1〉+ eiφB2 |2〉+ eiφB3 |3〉+ eiφB4 |4〉),
|α2〉 = 1
2
(eiφ
B
1 |1〉+ eiφB2 |2〉 − eiφB3 |3〉 − eiφB4 |4〉),
|α3〉 = 1
2
(eiφ
B
1 |1〉 − eiφB2 |2〉+ eiφB3 |3〉 − eiφB4 |4〉),
|α4〉 = 1
2
(eiφ
B
1 |1〉 − eiφB2 |2〉 − eiφB3 |3〉+ eiφB4 |4〉).
(10)
That is, photon detection in path k corresponds to the
measurement outcome associated with |αk〉.
Therefore, in our experiment we can prepare the state
of Eq. (8) and measure it in the basis defined by the
orthorgonal states of Eq. (10). Fiber-based polarization
controllers (not shown for the sake of simplicity) are used
in each path to guarantee the indistinguishability of the
core modes, such that there is no path-information avail-
able to compromise the visibility of the interferometer
[62, 63].
The FPGA unit controls and synchronises the prepa-
ration and measurement stages, with both working at a
repetition rate of 2 MHz. Due to thermal and mechan-
ical fluctuations in the interferometer, time-dependent
phase noise occurs. To overcome this, we model the
phase applied at the preparation stage in each arm as
φAk = φ
n
k +φ
c
k +φ
s
k, where φ
n
k represents the phase noise,
φck the phase of a noise suppressor that we control by
a continuous low-speed voltage signal, and φsk the phase
used to prepare the desired state, which we control by
a high-speed voltage. Both voltages are controlled by
the FPGA unit through a power driver. To cancel the
phase noise, a control algorithm in the FPGA sets τk = 1
and the high-speed voltage to 0, while perturbing φck to
maximize the single-counts at SPD1. Thus, preparing
the state |χc〉 = 12 (|1〉+ |2〉+ |3〉+ |4〉). Once a given
threshold of single-counts is reached, φck is kept fixed,
and the experiment is performed using the fast-switching
phases φsk for preparing the states, and φ
B
k for preparing
the measurements considered in the protocol. Typically,
60000 detections are recorded over 1 s of integration time.
The measurements, which we aim to certify, corre-
spond to a pair of MUBs, which we chose such that
they can be implemented in our setup using only phase
modulation, without the need of amplitude modulation.
Specifically, the two bases {|ai〉}4i=1 and {|bj〉}4j=1 are
given by the columns of the matrices
A =
1
2
1 1 1 11 1 −1 −11 −1 1 −1
1 −1 −1 1
 , (11)
B =
1
2
−1 −1 −1 −11 1 −1 −11 −1 1 −1
1 −1 −1 1
 , (12)
According to Eq. (9), A can be performed by setting
the phases φBk = 0 for all k = 1, 2, 3, 4, while B can
be performed by setting φB1 = pi and keeping the other
phases equal to zero. In the QRAC protocol described
above, Bob chooses the measurement basis A or B ac-
cording to his input y. In our experiment, we perform
this basis choice simply by changing φB1 : when y = 1, we
choose φB1 = 0, and when y = 2, we choose φ
B
1 = pi.
The optimal state preparation for Alice’s input i, j is
the pure state [25]:
|ψij〉 = 1√
3
(|ai〉+ sgn (〈ai|bj〉) |bi〉), (13)
which we can produce according to Eq. (8). The QRAC
protocol is then carried out by randomly preparing the
16 different states |ψij〉 with i, j ∈ {1, 2, 3, 4}, randomly
measuring them in the bases A or B, and collecting the
measurement statistics to estimate the average success
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Fig. 3. In a) and c) we show the outcome probabilities of the measurements A and B, respectively, for each state |ψij〉. In
b) and d) we show the ASP for each state |ψij〉 upon measuring A and B, respectively. The green line corresponds to the
optimal ASP p¯ = 0.75, while the red line corresponds to the minimal ASP such that the most demanding quantity, η∗, can be
self-tested.
probability in (2). The choice of states and measurements
are implemented directly into the FPGA resorting to a
pseudo-random number generation algorithm.
V. RESULTS
We present the recorded experimental data in two
parts, corresponding to the success probabilities related
to the measurement A and B of Eq. (2). Fig. 3 a) con-
tains the outcome probabilities for the interferometer’s
outcomes 1, 2, 3 and 4 for each state |ψij〉 upon measur-
ing A. In Fig. 3 b) we show the ASP for each state |ψij〉
upon measuring A. On average, we observe an ASP of
p¯A = 0.7491 ± 0.00017 for this measurement, where the
error is calculated using the Poissonian distribution for
the number of photon detections. The analogous data
for the measurement B is depicted on Figs. 3 c) and d),
yielding an ASP of p¯B = 0.7493± 0.0001 in this case.
Putting the above values together, the overall ASP
is p¯ = 0.74924± 0.00011. Using this result and Gaus-
sian error propagation, from (3) we obtain that
HS(A,B) ≥ 3.99122± 0.00131. From (4) we get that
N(A) ≥ 3.95749± 0.00649. These two results, together,
self-test that the measurements are close to a pair of
MUBs (HS(A,B) = 4 and N(A) = 4).
Concerning the operational quantities, from (5) we ob-
tain η∗ ≤ 0.798757± 0.010997. Therefore, we certify a
non-trivial bound on the critical visibility of our mea-
surements at which they become compatible. This con-
firms that the measurements used in the experiment are
indeed incompatible and therefore will be useful in future
Bell and steering experiments [56].
Lastly, from (6) we can bound the entropic uncertainty:
H(A)ρ +H(B)ρ ≥ 1.24581± 0.04886. That is, we obtain
a minimal entropy that can be extracted from the out-
comes of our measurements on any quantum state. This
can be used for secure random number generation or
quantum key distribution protocols.
7VI. CONCLUSIONS
With the development of new quantum technologies,
there is a current need of certification schemes for prepar-
ing high-dimensional quantum states and measurements.
Since self-testing methods in nonlocal scenarios are com-
plicated both in theory and practice, recently proposed
methods for self-testing quantum devices in the prepare-
and-measure scenario become relevant. In this work, we
demonstrate the viability of adopting such type of pro-
tocols in higher-dimensions to validate the proper func-
tioning of new quantum devices built with modern space-
division multiplexing technology. Specifically, we self-test
the proper implementation of measurements correspond-
ing to mutually unbiased bases in dimension d = 4.
Our results show that space-division multiplexing is
an advantageous platform for high dimensional quantum
information processing, achieving an exceptionally high
optical quality with visibilities greater than 99%. While
experiments implementing the same protocol have pre-
viously been performed [31–33], our technique allowed
us not only to certify the quantum advantage in ran-
dom access coding, but to self-test the measurements un-
der the dimension assumption, as well as to certify their
level of incompatibility and the amount of randomness
extractable from their outcomes. These results are of
practical relevance for future experiments relying on this
technology, since mutually unbiased measurements lie at
the core of several quantum information protocols.
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